1. Introduction {#sec1}
===============

Infectious diseases have long been a major cause of deaths in many countries. However, this trend shifted from infectious to chronic non-communicable diseases after the Second World War when much of the developing world was undergoing modernization or transition to become more developed[@bib1]. Infectious diseases have regained prominence in recent decades and have caused significant social and economic impacts to the world[@bib2], [@bib3]. The most notable diseases were the severe acute respiratory syndrome (SARS) in 2003 and the H1N1 influenza in 2009[@bib4], [@bib5]. SARS resulted in over 8 400 infected individuals from March to July 2003 in more than 30 countries around the world[@bib6], [@bib7]. The spread of H1N1 influenza was even more rapid. It started in Mexico in March 2009 and spread to more than 11 countries around the world within a month. Locally in Hong Kong, H1N1 appeared in early May 2009 and over 30 000 laboratory confirmed cases were reported within 6 months[@bib8].

Newly emerged infectious diseases have potentially far more damaging impacts because of rapid transmission. Researchers have thus suggested mathematical/epidemiological and simulation models to emulate disease surveillance or even predict disease spread[@bib9], [@bib10]. It has been argued that the performance of such predictive models could be improved with better heuristics (experience-based techniques for problem solving) as opposed to a pure data-driven approach. Research on identifying factors influencing the spread of a disease is thus necessary and becoming more important. For example, Merler and Ajelli analyzed the effects of population heterogeneity and mobility on the spread of pandemic influenza in 37 European countries by considering the European population, as well as their air and rail movements[@bib11]. They concluded that various epidemiological parameters including basic reproduction number, cumulative attack rate and peak daily incidence rates depended heavily on socio-demographic factors, such as household size, percentage of worker population and percentage of student population. In examining the association between different socio-demographic variables and the number of SARS cases, Kwong and Lai found that the average number of rooms per household, net residential density and percentage of elderly population were significantly correlated with the number of SARS cases[@bib12]. Abara *et al.* explored infectious diseases from the perspective of environmental justice and contended that infectious diseases were inextricably linked with environmental change and social determinants[@bib13]. They further purported a holistic approach to consider socio-environmental determinants in future public health actions.

In addition to traditional statistical approaches in estimating typical epidemiological parameters, researchers have also started applying spatial statistics and geographic information systems (GIS) to study patterns of disease clustering and dispersion[@bib14]. Lai *et al.* applied GIS to examine the spatial distribution of SARS patients in Hong Kong based on their residential addresses[@bib15]. They confirmed that the disease hot spots in urban areas did not occur randomly in space. Moreover, GIS and SaTScan™ were used by Lee and Wong to explore the initial diffusion pattern of H1N1 influenza from 1 May to 31 July 2009 in Hong Kong [@bib16]. Even though population density was found not significantly correlated with disease incidence, the study established that students played an important role in disseminating the disease. A follow-up study conducted by Lee and Wong, over a longer study period from 1 May to 30 September 2009, commented that the use of administrative districts in their earlier study in 2010 constrained their findings to reporting general patterns[@bib17]. To visualize disease diffusion, 500 m × 500 m cells instead of district boundaries were adopted to remove the border effect in the analysis of spatial clustering using measures like global and local Moran\'s I and the space-time permutation in SaTScan™. Spatio-temporal clusters were found in the study, but Lee and Wong also cautioned the lack of analysis by demographic categories as one of the limitations[@bib17].

Generally speaking, researches have shown that spatial patterns can provide stimuli for formulating hypotheses of disease outbreaks[@bib18], [@bib19]. As human-to-human transmission of influenza is through close contacts, factors affecting the behavior of population including variation in demographic and environmental characteristics may affect the disease patterns[@bib6]. In this connection, this study aims at exploring socio-demographic data of the population as proxies for risk factors in disease transmission. If these factors could be established, they would be useful in developing predictive models for disease risk assessment.

2. Materials and methods {#sec2}
========================

2.1. Research hypotheses {#sec2.1}
------------------------

The main testable null hypotheses based on previous studies are as follows: 1) no relationship between young population (under 15) and disease incidence; 2) no relationship between elderly population (65 and over) and disease incidence; 3) no relationship between cross-district/local movement (to workplace) and disease incidence and 4) no relationship between residential/population density and disease incidence[@bib11], [@bib12], [@bib16].

The alternative hypotheses H~a~ were expected a significant relationship between the test variable and disease incidence.

2.2. Data {#sec2.2}
---------

A total of 548 patient records of confirmed H1N1 influenza from 1 May to 8 July 2009 were obtained from the Hospital Authority and the Department of Health. The records were anonymized using an arbitrary identifier and contained the following variables: age, gender, residential address, onset date of symptom and diagnostic conditions. In addition, population by-census statistics at the building group level in 2006 were downloaded from the website of the Census and Statistics Department to summarize the socio-demographic characteristics of urban environments in Hong Kong[@bib20]. These statistics included the following: percentage of elderly population (aged 65 and over), percentage of young population (age \< 15), percentage of cross-district work population, percentage of local work population, net residential density and population density.

2.3. Method {#sec2.3}
-----------

### 2.3.1. Geocoding patient records {#sec2.3.1}

Residential addresses of the patients were geocoded using a GIS on address entries based on street or building names, which had been standardized and validated against the complete list of Hong Kong addresses complied by the Rating and Valuation Department[@bib21]. Incomplete or unverifiable addresses were reported to the Hospital Authority for follow-up rectification before inclusion in the study sample. These geocoded point data were aggregated at two geographic levels: (i) 8 761 grid cells of 200 m × 200 m covering only populated land areas of Hong Kong, excluding country parks as shown in [Figure 1](#fig1){ref-type="fig"} and (ii) 18 District Council districts ([Figure 2](#fig2){ref-type="fig"} ). Spatial aggregation at the grid cell level masked individual identity and enabled linkage with census data at the building group level. Spatial aggregation at the district level was for practical reason given that it was popular and the most commonly used administrative and census divisions for Hong Kong.Figure 1Populated land areas of Hong Kong (200 m × 200 m grid cells).Figure 2The 18 District Council districts of Hong Kong.

### 2.3.2. Data analysis {#sec2.3.2}

The data analysis involved descriptive statistics on demographic characteristics of the population and the spatio-temporal distribution of H1N1 cases. Reconstituted statistics from the 2006 population by-census at the grid cell and district levels were compared against the cumulative number of H1N1 cases at similar geographic scales and their Pearson\'s correlation coefficients recorded. All data analysis was conducted on ArcGIS 9.3 and SPSS 20. Statistical significance level was set at 0.05.

3. Results {#sec3}
==========

[Table 1](#tbl1){ref-type="table"} summarizes the demographic characteristics of patients of H1N1 influenza at the initial phases of the disease outbreak from 1 May to 8 July 2009.Table 1Demographic characteristics of confirmed H1N1 cases.CharacteristicsFrequencyPercentageAge groups≤ 1421138.5015--2421839.7825--34519.3135--44376.7545--54203.6555--6481.46≥ 6530.55GenderMale28952.74Female25947.26

It was apparent that most of the patients were young people below 25 (429; 78.28%) and only less than one percent of them was elderly aged 65 and above (3; 0.55%). The numbers of male and female patients were quite evenly distributed with a difference of a few percentage points (30; 5.48%).

Considering the spatial distribution of cumulative disease incidents, Kowloon was observed to incur the bulk of diseased cases (225; 41%) with the remaining occurrences equally spread between Hong Kong Island (161; 29%) and the New Territories (162; 29%) ([Table 2](#tbl2){ref-type="table"} ). Looking at the time course of confirmed cases of H1N1 ([Table 3](#tbl3){ref-type="table"} ), a sharp increase in the cumulative disease counts was observed in week 7 (136; 24.8%) peaking in week 8 that accounted for nearly half of all cases within the study period (268; 49.0%). The outbreak seemed under control in week 9 (96; 17.5%) with a cumulative count of less than one percent of all cases (3; 0.5%) by week 10.Table 2Spatial characteristics of confirmed H1N1 cases (1 May to 8 July 2009).DistrictsCountsPercentage of totalHong Kong IslandCentral and Western District244Wan Chai387Eastern District6211Southern District377KowloonYau Tsim Mong326Kowloon City448Sham Shui Po295Wong Tai Sin8816Kwun Tong326New TerritoriesKwai Tsing183North District102Sai Kung234Sha Tin326Tai Po143Tsuen Wan193Tuen Mun173Yuen Long193Islands District102Total54899Table 3Temporal characteristics of confirmed H1N1 cases (1 May to 8 July 2009).Week of confirmationCountsPercentage of totalWeek 1 (1st May--7th May)10.2Week 2 (8th May--14th May)00.0Week 3 (15th May--21st May)00.0Week 4 (22nd May--28th May)91.6Week 5 (29th May--4th June)112.0Week 6 (5th June--11th June)244.4Week 7 (12th June--18th June)13624.8Week 8 (19th June--25th June)26849.0Week 9 (26th June--2nd July)9617.5Week 10 (3rd July--9th July)30.5Total548100.0

[Table 4](#tbl4){ref-type="table"} presents the correlation coefficients (*r*) between selected population-related factors and disease incidence at three grid resolution (200 m × 200 m, 400 m × 400 m and 1000 m × 1000 m). It was noteworthy that a large proportion of the 8 761 grid cells (200 m × 200 m) did not have census data since relevant data were masked and they were too few numbers to report in those areas. [Table 4](#tbl4){ref-type="table"} lists the results for grid cells with census data in which four of the six population-related factors were found significantly correlated with disease incidence at different grid resolution: percentage of elderly population, percentage of cross district work population, net residential density and population density.Table 4Correlation between disease incidence (1 May to 8 July 2009) and demographic factors.VariablesAll cells with census dataCells with H1N1 cases only200 m × 200 m400 m × 400 m1 000 m × 1 000 m200 m × 200 m400 m × 400 m1 000 m × 1 000 mNumber of cells2 9371 226380354285163Elderly population (aged 65 and over) (%)0.067^∗∗^0.155^∗∗^0.278^∗∗^0.0350.164^∗∗^0.308^∗∗^Young population (aged \<15) (%)−0.010−0.044−0.121^∗^0.0740.027−0.121Cross district work population (%)0.060^∗∗^0.082^∗∗^0.118^∗^0.0780.128^∗^0.129Local work population (%)−0.029−0.043−0.054−0.001−0.015−0.035Net residential density0.062^∗∗^0.138^∗∗^0.208^∗∗^0.134^∗^0.0150.139Population density0.245^∗∗^0.290^∗∗^0.373^∗∗^0.225^∗∗^0.233^∗∗^0.264^∗∗^[^1][^2]

[Table 4](#tbl4){ref-type="table"} shows the results only for grid cells containing confirmed H1N1 cases. Population density emerged as the only factor showing a consistent relationship with disease incidence at different spatial resolution. [Table 4](#tbl4){ref-type="table"} also shows improved performance in terms of the effect size of the correlation coefficients with decreased spatial resolution for all instances.

4. Discussion {#sec4}
=============

Our results of the demographic characteristics of H1N1 cases were consistent with findings of other studies reporting that disease burden of respiratory diseases was higher in the younger age groups[@bib22], [@bib23]. This observation suggests that schools where teenagers frequently assembled are likely an environmental risk factor for spreading H1N1 influenza. It also suggests indirectly that school closure could be an effective measure of social distancing to prevent disease spread. The absence of significant gender differences was also consistent with findings of Lee and Wong[@bib16].

In reference to the four testable hypotheses of this research that explores possible association between disease incidence and census variables of the population, our finding on hypothesis 4 was different from that of Lee and Wong who reported no association between population density and the occurrences of H1N1 influenza[@bib16]. Their study examined the association between population density and disease incidence based on roughly 400 district council constituency areas (DCCAs) from 1 May to 31 July 2009. Our study, on the contrary, showed population density to be statistically and significantly correlated with disease incidence at various grid cell resolution for all cells with census data (*r* = 0.245, 0.290, 0.373; *P* \< 0.01) as well as only cells with confirmed H1N1 (*r* = 0.225, 0.233, 0.264; *P* \< 0.01). Indeed, the effect size of the correlation coefficients was also the largest among the selected variables in the analysis.

We believe that the inconsistency could be a result of technical artifacts: (i) spatial resolution; (ii) exclusion criterion; and (iii) difference in the study period. Our study employing grid cells of uniform sizes appeared to be more sensitive in illuminating relationships than some 400 DCCAs. Indeed, a subsequent study by Lee and Wong[@bib17] concurred that spatial analysis could be affected by data resolution. They indicated that the 18 Administrative Districts of Hong Kong were less appropriate for disease diffusion study than the finer resolution of 500 m × 500 m grid cells although they did not repeat the analysis on the relationship between population density and the number of case reports. Our study demonstrated successfully that the grid cell approach was able to extract the relationship hidden by larger aggregated spatial units. Our study also showed that excluding country parks (all cells with census data in [Table 4](#tbl4){ref-type="table"}) and excluding non-diseased grid cells (cells with H1N1 cases only in [Table 4](#tbl4){ref-type="table"}) offered additional discriminating powers to isolate salient factors in disease relationships. However, a higher spatial resolution does not necessarily mean improved associative relationships. By considering smaller spatial units of 200 m or 400 m, we introduced inevitably more data scattering and diminished health effects because of insufficient explanatory powers especially when disease cases in the earlier phases of an infection outbreak were not many. Finally, our study considered data in the early phases of the 2009 H1N1 outbreak (1 May-8 July 2009) whereas Lee and Wong[@bib17] extended their data analysis to the end of July 2009. Their data analysis could be confounded by more rigorous intervention and control measures at the later stages of the outbreak.

Hypotheses 2 and 3, respectively about disease incidence with the elderly population or cross-district work population exhibited significant relationships but their effect sizes were relatively small. Nevertheless, the positive relationships with disease incidence appeared logical. Elderly individuals were expected to have lower resistance to illnesses while the mobile cross-district workers were expected to have higher probabilities in contracting infectious diseases. The insignificant relationships between disease incidence and younger population (ages \< 25) for hypothesis 1 were likely confounded by better hygiene and control measures at the school level. Even though the younger population made up the largest proportions of H1N1 cases as reported in [Table 1](#tbl1){ref-type="table"}, the majority of infection occurred among school-age children attending the same school that did not seem to exhibit significant spatial association.

This study examines population related risk factors at the initial phases of the H1N1 influenza outbreak in 2009. It confirms that four population factors (percentage of young population \< 15; percentage of elderly population ≥ 65; percentage of cross-district work population; and population density) are related in varying degrees to disease incidence pending spatial resolution. The findings have practical implications given that these statistics are readily available from the Census and Statistics Department. The established relationships inform public health officials the target population groups (the young and the elderly) and pertinent locations (employment centers and densely populated areas) to strategize intervention measures or tighten public health practices. Moreover, the variables may be useful in improving the predictive powers of models for disease outbreaks.

The process of disaggregating map units to the finer grid cell level has proven effective in two aspects. Firstly, the gridded data are easy to manipulate in an automated setting. Secondly, the grid format seems to ameliorate the Modifiable Areal Unit Problem[@bib24]. Even though grid cells may be preferred, aggregation by preset areal units (such as census subdivisions and administrative districts) has remained essential because they represent standard geographic units to collect census data or areas of jurisdiction to implement broad policies, laws and regulations. The grid format may be useful for analysis but it must be reconstituted into some preset administrative units to draw reference to area-based socio-economic measures. Our study showed that results would vary in accordance with spatial resolution. Errors and false alarms could be prevented or minimized by choosing the proper data resolution.

One limitation in relying on risk factors based on local census is the inability to account for a sudden upsurge in disease occurrences arising from external sources. Nelson indicated that the SARS outbreak in 2003 originated from a visitor as opposed to a local resident[@bib6]. Although the four factors could still be useful in simulating disease transmission, additional variables such as the occupancy rate of hotels within an area would be useful in estimating the potential of imported cases.

On the other hand, data loss due to extremely unclear or unavailability of locational information may reduce the reliability of research findings. In an emergency disease outbreak, it is possible that health practitioners tend to concentrate on clinical works that can be done for saving the patients, and set the task of collecting relevant information for formulating public health policies as the second priority. In many cases, records with poor locational information have to be discarded. If the number of records discarded is huge, the sample collected could become a biased sample resulting in potentially misleading observations and conclusions.
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[^1]: \*: Correlation was significant at 0.05 level.

[^2]: \*\*: Correlation was significant at 0.01 level. 200 m × 200 m, 400 m × 400 m and 1 000 m × 1 000 m are three grid resolutions.
